Restriction-map variation among 38 chromosomes collected from natural populations from around the world was surveyed using probes for a 45-kb region containing and surrounding the white locus. Insertion and deletion variation was more common in the regions flanking the white transcriptional unit, and restriction-site polymorphism appears to be most common 5' of the white locus. The frequencies of individual large insertions (suspected transposable elements) were low, although 37% of the chromosomes had at least one insertion in the white-locus region. The estimated level of nucleotide heterozygosity over the whole region was 0.0 12. There was little linkage disequilibrium among the polymorphic sites. In contrast to earlier reports of the variation in other regions of the Drosophila melanogaster genome, there seemed to be less linkage disequilibrium and perhaps more nucleotide polymorphism.
Introduction
Recent studies of DNA restriction-map variation among naturally occurring alleles in Drosophila melanogaster populations have shown a higher level of polymorphism for insertions in the flanking regions of several genes (Langley et al. 1982; Leigh Brown 1983; Aquadro et al. 1986) . When these insertions have been cloned and characterized, they have proved to be members of previously cloned middle-repetitive, dispersed DNA sequence families. Most of these families are either known or suspected to be transposable elements. These studies also indicate that any insertion at a particular site is extremely rare in natural populations. This skewed frequency spectrum contrasts with that observed for restriction-site polymorphisms, which occur at all frequencies (Langley et al. 1982; Leigh Brown 1983; Aquadro et al. 1986; Kreitman and Aguade 1986) . This distinction has been interpreted as evidence that natural selection or some other mechanism is removing these transposable-element insertions before they can reach any appreciable frequency (Aquadro et al. 1986; Golding et al. 1986) . A similarly skewed distribution of frequencies of transposable-element insertions emerged from surveys of the cytogenetic positions of transposable elements by means of in situ hybridization to salivary-gland chromosomes from natural populations (Montgomery and Langley 1983; Leigh Brown and Moss 1987; Montgomery et al. 1987) .
The restriction-map surveys indicate nucleotide sequence variation in these DNA regions of 0.002-0.006 average heterozygosity per nucleotide and also demonstrate the high levels of linkage disequilibrium to be found at the DNA sequence level (Langley et al. 1982; Kreitman 1983; Leigh Brown 1983; Aquadro et al. 1986; Kreitman and Aguade 1986) . The significance of these few reports depends on the generality of these findings. Does most of the D. melanogaster genome show similar amounts of the various kind of polymorphisms? Does variation in other species look the same? To address these questions we carried out several studies. The present report is one of several restriction-map surveys based on a sample of 36 lines of D. melanogaster collected from natural populations from around the world. The region of interest in this study is a 45-kb DNA segment containing the complex, X-linked white locus (chromosome 1, map position 1.5).
For historical and technical reasons the white locus has played a central role in genetics from the beginning of the study of Drosophila (Morgan 19 10; see Judd 1987 for a review and references). Wild-type D. melanogaster have brick-red eyes. Flies homozygous or hemizygous for typical mutant alleles at the white locus have bleachwhite eyes, good fertility, and high viability. Over the 75 years of study many alleles conferring intermediate eye pigmentations have been identified. The complementation pattern of these alleles, their response to dosage compensation, their interactions with the trans-acting epistatic locus zeste, their involvement in pairing-dependent expression (i.e., transvection), and their mutational and recombinational behaviors have all been intensely studied. Despite these genetic studies, the biochemical function of the whitelocus gene product (apparently a cell-autonomous function required for the deposition of pigments) is still not known, although the DNA and inferred amino acid sequences are available (Mount 1987) .
Naturally occurring variation in the white locus was the subject of early studies by Timof"eeff-Ressovsky (1932) and Muller (1935) . Later, Green (1959) showed that differences in pigment levels between two wild-type inbred lines could be mapped to the right half of the white locus (see fig. 1 ). Until the cloning of white-locus DNA (Bingham et al. 198 1; Goldberg et al. 1982; Levis et al. 1982) , it was not practical to study isoallelic variation at the white-locus region in large samples.
Thirty-eight lines collected from around the world were surveyed using four sixcutter restriction enzymes in Southern blots probed with cloned DNA covering a 45-kb segment. This probed region contains the white locus ( 10 kb) and > 15 kb of flanking DNA on each side. Unlike previous investigators reporting on restriction-map variation at several autosomal loci (Langley et al. 1982; Leigh Brown 1983; Aquadro et al. 1986) , we observed no striking differences in the variation at the white locus.
Material and Method
Figure 1 depicts the DNA region surveyed in the present study. The only known genetic or transcriptional unit in this region is the white locus (Judd et al. 1972; M. Goldberg, personal communication) . Sequences necessary for wild-type expression have been determined by means of both the study of mutations and germ-line transduction with in vitro-manipulated DNA. These studies indicate that the DNA between -4.20 and +5.54 is required for "normal" functions (Levis et al. 1985; Pirrotta et al. 1985) . The transcript (+3.74 to -2.23) is thought to be processed into an mRNA with five exons (226 bp The Drosophila melanogaster lines used in the present study are listed in table 
Zns(j)
B. NOTE.-A plus sign (+) denotes presence; a minus sign (-) denotes absence. n = Not scored.
PARTIALLY SCORED MONOMORPHIC AND UNIQUE SITES

White Locus 657
Results Table 1 and figure 1 show the haplotype configuration for each line. The sizes of the insertions and deletions are represented approximately to scale in figure 1. Exact sizes of the small insertions and deletions are indicated in the legend to figure 1. Obviously, compared with the flanking regions, there is relatively little variation within the white transcriptional unit. Polymorphic restriction sites appear to be more common in the lo-kb region 5' to the white locus (six of eight, compared with a total of 14 of 32); four of the six small (x0.75 kb) insertions or deletions are also found in this region. Large insertions are found on both sides of the gene. Figure 2 shows another aspect of this variation. As reported for several autosomal loci (Langley et al. 1982; Leigh Brown 1983; Aquadro et al. 1986) , the frequency spectrum of insertions and deletions is quite different from that for polymorphic restriction sites. Insertions and deletions are usually found in very low frequencies, this being especially the case for the larger insertions. Of the 16 different insertions and deletions observed in the 38 lines, only the large insertion, Ins(a), the small insertion Zns(Z), and the small deletion Del(f) were found more than once. Since the haplotypes with these polymorphic insertions and deletions have not been cloned, it is not yet established that the members of any one class are in fact identical; each occurrence could be unique. Neither have the large insertions been cloned and characterized. Thus, the nature of the insertions is not known.
The amount of variation attributable to nucleotide sequence differences (e.g., substitutions) can be estimated from the restriction-site variation by means of several methods. Those methods that estimate properties of the population rather than the sample itself are preferable in that they allow comparisons among different studies. The method of Hudson (1982) provides an estimate of 8 = ~N,cL (where N, = effective population size and it = mutation rate per nucleotide site to selectively neutral alternatives), if it is assumed that the underlying process is pure genetic drift and at stationarity (see Ewens 1979 ). This estimate is based solely on the sample size and the proportion of all restriction sites in it that are observed to be polymorphic. The value of 8 estimated from the restriction-site data in table 1 is 0.0 13. This estimate is certainly a biased underestimate, since many of the monomorphic sites in table 1 were not scored in all 38 lines. The alternative method, propounded by Nei and his colleagues (Nei and Li 1979; Nei and Tajima 198 I) , can be thought of as the average divergence or nucleotide diversity, n. This method computes genetic distance (a simple transformation of the proportion of shared restriction sites) between all pairs of sampled alleles and then averages these. The estimated 'TI: (based on eq.
[22] in Nei and Li [ 19791 and on the data in table 1) is 0.0 11. This estimate may be more appropriate in situations as this, in which all sites were not scored in every line. The estimates of 8 and n: can be related. The nucleotide diversity n: can also be interpreted as the expected heterozygosity per nucleotide site. Under the assumptions of the neutral theory, expected nucleotide heterozygosity is e/( 1 + 0). Expected heterozygosity is approximately equal to 8, for small values of 8. The difference between the estimated 8 = 0.013 + 0.007 for the white locus reported here and the 8 = 0.006 reported for the Adh region (Kreitman 1983; Aquadro et al. 1986; Cross and Birley 1986) is marginally significant. A striking feature in the distribution of restriction-site polymorphisms in the white region is the paucity of polymorphic sites (1 of 5) in the transcriptional unit and the higher proportion (9 of 15) in the S-flanking region. Given the fact that fewer lines were scored for all restriction enzymes in the flanking regions, these proportions suggest a difference in variability in these regions (x2 = 3.2, 1 df, P < 0.1). Aquadro et al. 1986; Cross and Birley 1986; Kreitman and Aguade 1986) . Of the 406 comparisons of pairs of polymorphic sites, most (357) were excluded from linkage-disequilibrium analysis because the marginal frequencies of one or both sites (in the chromosomes scored for those sites) were too low, i.e., fewer than two of either of the rarer variants. Of the 49 remaining pairs, 20 showed evidence consistent with some recombination in the history of the haplotypes, i.e., all four gametic types were present in the sample. No statistically significant nonrandom association was found among these 20 comparisons. Among the remaining 29 pairs of polymorphic sites in which only two or three of the possible gametic types were found, only two showed any indication of statistically significant nonrandom association. The EcoRI (-10.0) and Hind111 (-1 .O) only occur together on two of 37 chromosomes scored (P < 0.002, by Fisher's extact test of independence). Since both of these chromosomes are from the same population (Benin, Africa), this nonrandom association reflects geographic differentiation in site frequencies rather than gametic disequilibrium. The deletion Del(f) only occurs on chromosomes lacking the Hind111 (+9.0) restriction site (P < 0.01).
Frequencies of polymorphic Variants
Discussion
The white-locus regions of 38 X chromosomes from around the world have been surveyed for variation in their restriction maps. Although few lines from any one locale and only four restriction enzymes were used, these results provide a first look at the nature of population genetic variation at the DNA level in this interesting and venerable locus.
Large Insertions
The frequency of large insertions per kilobase in the white-locus region in this survey is 0.008 (14/38/45 kb). This is not significantly less than that observed in the M/z region, 0.017 (11/49/l 3 kb; Aquadro et al. 1986) , or in the 87A heat-shock region, 0.009 (4/29/14 kb; Leigh Brown 1983) . Figure 1 shows that there are no large insertions in the transcribed region. This is consistent with earlier studies. Figure 2 shows that each particular large insertion was observed only once, except for Ins(a). The fact that Ins(a) is present in all three lines collected in Argentina suggests some genetic differentiation associated with geographic subdivision of the species. Thus, it can be concluded that the white-locus region (outside the transcriptional unit) is polymorphic for many different large insertions and that these are individually quite rare. To judge from earlier studies (Leigh Brown 1983; Aquadro et al. 1986) , it is likely that they are transposable-element insertions. The small insertions and deletions are unique, except for Del(f) and Zn.s(Z). This distribution of small insertions/deletions and that of the large insertions are very similar to those seen at other Drosophila loci (Langley et al. 1982; Krietman 1983; Leigh Brown 1983; Aquadro et al. 1986; Cross and Birley 1986; Kreitman and Aguade 1986) .
Restriction Sites
The frequencies of polymorphic restriction sites are distributed quite differently from the insertions and deletions. Figure 2 shows that many of the polymorphic restriction sites have intermediate frequencies. This restriction-site variation can be used to estimate nucleotide variation at the DNA sequence level. Previous estimates of 8 or fl: for the Adh (Aquadro et al. 1986 ) and 87A heat-shock (Leigh Brown 1983) regions were -0.006 and -0.002, respectively. In a companion study of the Notch locus (a 40-kb transcriptional unit within a 60-kb region of study), Schaeffer et al. ( 1988) found the level of restriction-site polymorphism to be comparable with that seen at the Adh and heat-shock regions. In the present study the estimate of 8 or expected nucleotide heterozygosity is -0.012, similar to the 0.02 estimate for the Adh region in D. pseudoobscura reported by Schaeffer et al. (1987) . Since these values are not statistically different, little comment is required other than to point out again that the proportion of the studied region that is outside transcribed regions may be greater in the present study of the white-locus region. Of the 16 polymorphic restriction sites found in the white-locus, only one was within the transcriptional unit-and it was found in only one sampled allele. Thus there is no evidence that the level of nucleotide variation within the transcriptional unit is higher than that observed for other D. melanogaster loci. The 11 kb located 5' of the white transcriptional unit do seem more variable. Why this region should be more variable is not clear. This region has no known function. But natural selection must be many orders of magnitude more discerning of both mild selectively favored and mild selectively deleterious variants of gene expression than are the experiments of molecular geneticists. Germ-line transduction experiments that document the sufficiency of the cis-acting flanking sequences required for normaI gene expression also indicate that more distant flanking sequences may quantitatively effect gene expression Scholnick et al. 1983; Spradling and Rubin 1983; Hazel&g et al. 1984; Levis et al. 1985a Levis et al. , 1985b LaurieAhlberg and Stam 1987) . We should entertain the hypothesis that the machinery of gene expression may be such that mutations of large effect are physically limited to the transcriptional unit and immediately proximal sequences, whereas the sequences more distant from the transcriptional unit can mutate only to alleles with subtle, quantitative effects that may be relatively more or less fit depending on environment and genetic background. Despite the limitations in the testability of this hypothesis, the conservation of flanking sequences in evolution and the clear quantitative effect of chromosomal environment in the germ-line transduction experiments require further consideration of this hypothesis.
Linkage Disequilibrium
Most population-genetics theory, whether or not it incorporates natural selection, predicts that the closer that polymorphic sites are to one another the more likely they are to be nonrandomly associated. The level of intraallelic recombination has not been carefully measured in the absence of strong interchromosomal effects between physically mapped noninsertion mutations in the white locus. A rate of recombination that is 2 X 10e5 for sites 1 kb apart in the white region is consistent with both available data (B. Judd, personal communication) and estimates from other regions (Gelbart et al. 1976; Spierer et al. 1983) . This translates into an effective recombination rate of lo+ 4 x 1O-4 f or th e various polymorphic sites investigated in the present study.
With such low rates of crossing-over, some linkage disequilibrium might be expected, as has been reported for Adh (Aquadro et al. 1986) . The data reported here for the white-locus region are based on relatively few restriction sites. Since we have sampled across what appear to be mildly differentiated populations, our estimates of linkage disequilibrium should, if anything, be inflated. The fact that we see only two cases of significant linkage disequilibrium in 49 possible pair-wise comparisons indicates that variants in the white-locus region are generally associated at random (at the P < 0.05 level we would have expected to see 2.5 significant comparisons in 49, simply on the basis of type I error). In addition, 30 of the 49 comparisons showed the full complement White Locus 66 1 of four gametic types, suggesting recombination between the sites in their evolutionary history. This absence of linkage'disequilibrium in the white-locus region stands in marked contrast to that observed in the Adh region of D. melanogaster (Langley et al. 1982; Aquadro et al. 1986) . The larger region and lower density of polymorphic sites scored in the present study may contribute to this result. However, the lack of large amounts of linkage disequilibrium in the white-locus region parallels the results in the Notch region (Schaeffer et al. 1988 ) and the Amy region (C. H. Langley, A. E. Shrimpton, T. Yamazaki, N. Miyashita, and C. F. Aquadro, unpublished data) as well as those from Adh in D. pseudoobscura (Schaeffer et al. 1987) . Taken together, these various studies suggest that the high levels of linkage disequilibrium found in the Adh region of D. melanogaster may reflect the unique evolutionary history of the Adh region in this species (Aquadro et al. 1986) .
If a large portion of molecular genetic variation within and between species is mildly deleterious (Ohta 1972; Kimura 1983) , molecular studies should discern the reductions in the relative amounts of variation on the X chromosome similar to that detected for traits such as recessive lethals and null activity alleles at enzyme loci (Haldane 1927; Langley et al. 198 1) . Montgomery et al. (1987) recently compared the numbers of copia-like elements found on X chromosomes and autosomes in a natural population of D. melanogaster. For two of the three families studied they did not find the reduction in the numbers of the X chromosomes that would be expected if natural selection were operating against the phenotype of slightly deleterious insertional mutations. In the present study of the white-locus region, the frequency of large insertions per kilobase is comparable to that observed for the Adh or 87A heat-shock region. Estimates of nucleotide variation based on restriction-site polymorphisms are higher for the white-locus region than those reported for other regions of the D. melanogaster genome. The Notch-locus region did show reduced levels of large insertions and restriction-site polymorphism that were comparable to those of the Adh region. Thus there is no strong evidence for a consistent reduction of restrictionmap variation on the X chromosome compared with the autosomes. It will be important to reexamine this comparison as additional data from other loci and more detailed restriction-map surveys and DNA sequencing studies become available.
